It is well established that the average metabolism of many species of fish varies with group size. However, it is not clear whether all individuals respond in the same way. Here, we use a newly calibrated method of measuring the metabolic rate of fish from opercular (ventilatory) movements that allows for the first-time estimation of changes in resting metabolic rate (RMR) of each individual within different social groups and when alone. The presence of a conspecific had divergent effects on the RMR of juvenile Atlantic salmon Salmo salar, depending on its relative body size: the presence of a smaller fish caused a 40 per cent reduction, whereas the presence of a slightly larger fish approximately doubled RMR. These effects occurred in the absence of activity and were sustained at lower magnitude in the case of the relatively smaller conspecific even if a transparent barrier prevented any physical interactions between fish. Changes in RMR were mirrored by changes in eye colour that indicate they were linked to stress levels. These contrasting and strong responses show that even the nearby presence of a conspecific can have profound and variable effects on an individual's energy budget; they also highlight the complex trade-offs involved in social interactions.
INTRODUCTION
The resting metabolic rate (RMR) of an animal reflects its rate of energy expenditure (usually measured as oxygen consumption rate) when at rest. For ectotherms, major components of RMR are the costs of maintaining cellular processes, protein turnover and repair (Hulbert & Else 2004) . The rate of oxygen consumption can vary substantially (up to fivefold) among individuals of the same species, even after controlling for factors such as body size, developmental stage and environmental conditions (Metcalfe et al. 1995; Steyermark et al. 2005) . This variation has been linked to both physiological (Bayne 2000; Steyermark et al. 2005 ) and behavioural differences between individuals (Metcalfe et al. 1995; Cutts et al. 2001; McCarthy 2001) . RMR also varies within an individual depending on its state of nutrition Fu et al. 2005) or torpor (Guppy & Withers 1999) , but under constant conditions has been found to be relatively stable and repeatable over time (McCarthy 2000) , as is found to be the case with the closely related basal metabolic rate (BMR) of endotherms (Bech et al. 1999; Labocha et al. 2004; Szafranska et al. 2007) .
However, it has recently been shown that changes in the physical structure of the habitat can induce a substantial increase in RMR in the absence of any physiological changes and no measureable change in behaviour: for instance, Millidine et al. (2006) found that the RMR of juvenile Atlantic salmon Salmo salar was increased by 30 per cent if the habitat contained no refuge from predators. It is thought that such increases in resting metabolism are due to a heightened state of readiness in preparation for fast reaction escape movements (Fischer 2000; Millidine et al. 2006) . This suggests that the animal's level of alertness may have a profound influence on metabolic costs-a hypothesis given circumstantial support by the findings that the presence of a predator more than doubled the metabolic rate of longnose killifish Fundulus majalis (Woodley & Peterson 2003) , although the latter result is based on routine rather than resting metabolism and so could be due to changes in activity levels.
The presence of conspecifics may also cause changes in alertness and hence metabolic costs, but their effects are potentially more complex. Conspecifics may be beneficial, conferring the well-known advantages of grouping (e.g. reduced predation risk or ease of food finding), but they may also be disadvantageous through increased competition for resources (Krause & Ruxton 2002) . This competition may lead to aggressive interactions; hence while conspecifics may effectively provide shelter from predators (sensu the selfish herd of Hamilton 1971), they can also be the aggressors from which flight may be required. Confinement in the presence of a more dominant and aggressive individual can lead to elevated levels of physiological stress, causing a subsequent increase in metabolic costs once the fish are isolated again (Sloman et al. 2000) . It is therefore unclear whether the presence of conspecifics would be expected to cause a reduction or an increase in metabolic costs.
Most investigations of the impact of social structure on metabolism have not controlled for activity levels (which are likely to change in the presence of conspecifics) and so the results are ambiguous (Wirtz & Davenport 1976; Schleuter et al. 2007) . Herskin (1999) found no effect of grouping on the mean RMR of sea bass but, by averaging across individuals, may have missed intraspecific variation because subjects may differ in their response to the presence of conspecifics, depending on their relative size: being in the proximity of smaller individuals may confer anti-predator benefits, whereas larger conspecifics may be perceived as a competitive or predatory threat. No information is available regarding among-individual variation in group effects on metabolism because studies hitherto have measured only the total oxygen consumption of groups rather than the individuals within them. However, Millidine et al. (2008) established that the rate at which a fish's operculae (gill covers) oscillate during ventilation of the gills correlates closely with the oxygen consumption of juvenile Atlantic salmon, providing a means of determining the metabolism of each individual within a group.
Establishing the effect of the social environment on metabolic rates is of fundamental importance for understanding both the energy budgets that link feeding, growth and activity of animals, and the costs and benefits of grouping. Using juvenile Atlantic salmon as a subject and the opercular method for the measurement of metabolism in individuals within a group, here we test for the first time the novel prediction that the energy costs and benefits of grouping depend on the relative size of the individuals concerned.
MATERIAL AND METHODS
The experiments were carried out on yearling hatcheryreared juvenile Atlantic salmon parr derived from wild parents and reared at the Marine Scotland Freshwater Laboratory field station, Perthshire. In early April 2007, a sample of fish that would remain as parr in fresh water for a further year (on the basis of their size; Thorpe 1977) was transferred to Glasgow University, where they were held in a 1 m 2 tank at 98C in aerated, recirculated, copper-free water under an ambient photoperiod. They were fed to satiation on defrosted bloodworms (Chironomid larvae) once a day. While in the holding tank the fish had access to shelters in the form of large stones and lengths of semicircular cut piping (approx. 120 mm in diameter).
On 20 April 2007, 18 pairs of fish were selected, such that one fish was noticeably larger than the other (mean initial body mass of the smaller fish ¼ 2.05 g + 0.41 s.d., range 1.17-2.63 g; larger fish ¼ 3.63 g + 0.63, range 2.35 -4.57 g; mean weight difference between pairs ¼ 1.59 g + 0.66, range 0.27 -2.63 g). The experiment consisted of recording the RMR of each experimental fish during a sequence of treatments (presented in random order to control for sequence effects) that differed in terms of the social environment. It was conducted using replicate paired compartments in a series of glass-sided observation channels. The treatments were as follows:
(i) solitary (unable to see the other member of the pair); (ii) visual contact (able to see the other member of the pair in an adjacent compartment through glass dividing wall); (iii) full contact (in same compartment as the other member of the pair).
This design was similar to that used by Huntingford et al. (1993) . No other fish were visible to experimental fish during the trials. Compartments for single fish (treatments 1 and 2) measured 12.5 Â 20 Â 20 cm 3 , while those for the pair of fish (treatment 3) were double the size so as to maintain the same density. All compartments contained 3 cm of levelled natural-coloured standard aquarium gravel and one opaque tube per fish (provided as a refuge because salmon without access to a refuge have higher metabolic rates; Millidine et al. 2006) ; the water depth was 12 cm and the flow rate through the compartments was 20 l min 21 . Water temperature in the compartments was kept constant at 98C throughout the experimental period. The experimental protocol was as follows. The first two days (after introduction into the new environment) constituted the period of settling and exploration, after which fish were generally inactive and resting on the bottom of the experimental tank. Data on ventilation rates (VRs) were collected on three occasions (8, 11 and 14 h) on day 3. Metabolism was estimated from the equations in Millidine et al. (2008) This non-intrusive method has been shown to be highly successful on juvenile Atlantic salmon of this size range (the body mass of fish used ranged from 1.76 to 12.64 g, correlated between predicted and actual metabolic rates ¼ 0.95; Millidine et al. 2008 ) and has the advantage over more intrusive methods of allowing individual measurements to be made on each fish within a social group. On each occasion, three replicate measurements were made (within 5 min of each other) of the number of ventilatory movements of the operculum per 20 s, and a mean value for the day was then calculated from the nine individual measurements. Activity was visually monitored every 30 min throughout the day of observations; however, movement was negligible during each scan (number of ventilation movements per 20 s recorded during each of the nine observation periods deviated between 0 and 3), indicating that the metabolic rates corresponded to RMR.
As the sclera (i.e. eye iris) colour of juvenile salmon has been shown to be related to their subordinate status and/or stress levels (O'Connor et al. 1999; Suter & Huntingford 2002) , the sclera colour of each fish was also taken at the above times using the method described by Suter & Huntingford (2002) . A score ranging from 1 (pale) to 5 (black) was assigned on each occasion, and the mean of these values was used in subsequent analyses. At the end of the observations on day 3, the fish were weighed and measured and returned to the same experimental treatment tank.
On days 4 and 5, the fish were fed ad libitum with defrosted bloodworms once per day. On day 6, each pair of fish was moved to another compartment, which was configured to be a different treatment. The following day (classed as day 1 of the protocol) constituted the settling period again, and this procedure (from day 1 through to day 6) was then followed repeatedly until all fish had been observed in each of the three treatments. If one member of the pair died during the experiment, its corresponding fish was removed from the experiment and none of the data from this pair were used in subsequent analyses.
On 18 May 2007, the experiment was repeated with a further 18 pairs of new fish (mean initial body mass of smaller fish ¼ 2.81 g + 0.68, range 1.66 -4.51 g; larger ¼ 4.25 g + 0.65, range 3.31 -5.74 g; mean weight difference between pairs ¼ 1.44 g + 0.53, range 0.58 -2.12 g) and the same protocol was repeated. There was a significant difference between the initial weights of the first and second groups (independent samples t-test, t 64 ¼ 2.88, p ¼ 0.005), as a consequence of growth while in the holding tanks. The effects of treatments on RMR and sclera colouration were analysed using repeated-measures ANOVAs, with the individual fish as a subject. Each fish was classified as being the larger or the smaller member of its pair (on the basis of body mass), and relative size (larger or smaller) was then used in the analysis as a between-subject factor.
RESULTS
From the raw measurements of resting VR, there was a clear interaction between treatment and relative fish size (figure 1a). When these data were converted to RMR using equations (2.1) and (2.2) to account for fish mass, the interaction persisted (figure 1b). RMR of relatively small fish increased with the degree of exposure to a conspecific (one-way ANOVA, F 2,31 ¼ 23.95, p , 0.001), whereas RMR of relatively large fish decreased (one-way ANOVA, F 2,31 ¼ 8.74, p , 0.001).
The extent of these changes depended on whether the other fish was actually in the same compartment or was simply visible through a transparent partition: a comparison of treatments 2 and 3 showed that the relatively smaller fish had a higher RMR when actually in the presence of a larger fish (paired t-test, t 32 ¼ 4.96, p , 0.001), whereas in the larger fish, RMR was unaffected by whether the smaller fish was in the same compartment or was only visible through a partition (paired t-tests,
Changes in the eye sclera colour of the fish showed similar trends to the changes in metabolic rate (figure 1c). Sclera colour became darker with the degree of exposure to conspecifics in relatively small fish (repeated-measures ANOVA, F 2,31 ¼ 29.94, p , 0.001) and lighter in relatively large fish (repeated-measures ANOVA, F 2,31 ¼ 15.85, p , 0.001).
As with RMR the sclera colour changed between treatments 2 and 3 in relatively small fish (paired t-test, t 32 ¼ 5.24, p , 0.001), but not relatively large fish (paired t-test, t 32 ¼ 1.00, p ¼ 0.33).
DISCUSSION
This study has demonstrated a group effect on RMR, with the oxygen consumption of a quiescent single fish altering when it was able to see a conspecific. More importantly, it showed that the direction of the effect varied among individuals depending on their relative size, and that the magnitude of the effect varied with the degree of exposure to conspecifics.
It is evident that identifying the basal maintenance metabolism of unstressed animals, termed standard or BMR, is far from simple and requires careful consideration of the costs and benefits of aggregating with conspecifics, as well as the physical habitat. These costs and benefits of aggregation will depend on the social Effect of a conspecific on resting rate K. J. Millidine et al. 3991 interactions that take place among conspecifics. Juvenile Atlantic salmon can be territorial in riverine habitats (Grant et al. 1998; Klemetsen et al. 2003) , and the negative group effects (i.e. increased metabolic rate when with others) observed in some contexts might be interpreted as reflecting a cost of territoriality, as in blennies (Wirtz & Davenport 1976 ). Such energy costs might be incurred even in the absence of actual aggression because they may be due to a heightened state of readiness to defend a territory or other ongoing metabolic costs of dominance (Bryant & Newton 1994) . However, this seems unlikely in the present study because the larger fish of a pair (which would presumably win a dominance contest) actually showed a decrease in metabolic costs compared with when solitary. Aggregation may confer more benefits on relatively larger individuals because they gain the advantages of being in a group (e.g. reduced vulnerability to predators) while minimizing the costs of increased competition for food resources owing to their greater competitive ability or dominance status (Krause & Ruxton 2002) . They are also much less likely to face aggression than the smaller members of the group. In the present study, the reduction in RMR of salmon when in the presence of smaller conspecifics was similar to their response to the presence of a physical shelter and may result from a similar physiological relaxation, or calming effect, associated with reduced predation risk (Millidine et al. 2006) . The effect was evident despite the presence of a physical shelter, indicating the calming effects of social and physical habitat can be additive.
In contrast, fish showed an elevated RMR (and associated colouration indicative of subordinate status; O'Connor et al. 1999; Suter & Huntingford 2002) when in the presence of another larger salmon. This suggests that a metabolic cost is paid by subordinates, as has been found in other taxa (Senar et al. 2000) . For these fish, while the presence of a larger conspecific is a dilution of the risk of predation, it is also a potential source of attack (Yue et al. 2006) . Their response suggests that they were in a heightened state of physiological readiness to respond to an attack or were showing other signs of stress (Sloman et al. 2000) . The elevation in RMR occurred when contact between fish was only visual, but was highest when direct physical contact was possible, suggesting that the fish were aware of variation in the level of risk.
While it has previously been shown that the RMR of animals can vary owing to factors such as diet composition (Cruz-Neto & Bozinovic 2004; Bozinovic et al. 2007) , the implicit assumption is that such changes within individuals will be slow and gradual. In the present experiment, we recorded within-individual changes that were both rapid and dramatic: there was a twofold variation in RMR within the same fish owing to changes in the social environment. Energy budget calculations for free-living teleost fishes suggest that a twofold variation in RMR can result in up to 100 per cent variation in growth performance (Armstrong & Hawkins 2008) . Such large metabolic costs will have substantial effects on growth rates across a range of energy intakes, as reflected perhaps in widely reported group effects on growth of fish (Blanckenhorn 1992; Marchand & Boisclair 1998) . For juvenile salmonids, the differential effect of conspecifics on metabolic rate shown in this study will accentuate any differences in growth potential of high-and low-status fish, and may explain why dominance rank can have such a pronounced effect on the growth rate of similar-sized fish eating identical amounts of food (Abbott & Dill 1989) . It may also help explain why fish prefer to shoal with same-size rather than larger conspecifics (Ranta et al. 1992; Ward & Krause 2001) , and highlights the need to consider intraspecific variation when evaluating the costs and benefits of aggregation.
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